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Fossil record of the Early Cretaceous birds has been scarce in Japan, limiting our 
understanding about their ecology, evolution, and distribution in the eastern continental 
margin of Asia. In the present dissertation, I study bird fossils, including a partial skeleton, 
tracks, and eggshell collected from the Aptian Kitadani Formation, Fukui, Japan. The 
formation represents a temperate, inland meandering fluvial system situated in the inland 
of the eastern continental margin of Asia. Based on anatomical features, the skeleton 
(FPDM-V-9769) is likely a new basal avialan. Phylogenetic analyses resolve FPDM-V-
9769 as one of the basalmost avialans, possibly reflecting a complex evolutionary history 
of the group. The fossil bird tracks, FPDM-F-74 and FPDM-F-75, are assigned to cf. 
Aquatiravipes ichnosp. and cf. Gyeonsangornipes ichnosp., respectively. They indicate 
the presence of at least two different avian taxa in the Kitadani Formation, one of them 
possibly being a shorebird. The fossil eggshell (FPDM-V-9715) is assignable to its own 
oogenus and oospecies Plagioolithus fukuiensis, and suggest the presence of fossil birds 
that engaged in the contact-incubation during the Early Cretaceous of East Asia. The 
Kitadani Formation is unique in yielding bird skeletons, tracks, and eggshells al together 
and provide a unique window to the avifauna in East Asia during the Early Cretaceous.  
DISSERTATION SUMMARY 
 
Birds are one of the most-successful terrestrial vertebrates today, and the origin of 
birds dates back as far as the Late Jurassic. Abundant skeletal and track remains of the 
Early Cretaceous birds have been collected from China and South Korea, in addition to 
exclusively well-preserved skeletal remains from Mongolia and Spain. In contrast, such 
fossils are poorly known from other parts of the world, and little is known about the 
distribution and evolution of the Early Cretaceous birds in these regions. In the present 
dissertation, I conduct a series of study on an assemblage of bird fossils collected from 
the Lower Cretaceous Kitadani Formation, Fukui, Japan. The fossils provide a unique 
opportunity to understand the evolution, distribution, and ecology of the Early Cretaceous 
birds in the eastern coast of Asia during the time.  
The Kitadani Formation (Aptian) is the uppermost part of the Tetori Group cropping 
out in the central Japan and represents a temperate, inland meandering fluvial system 
situated in the inland of the eastern continental margin of Asia. The formation is well-
exposed in the Kitadani Dinosaur Quarry, Katsuyama, Fukui, Japan (Fig. 1).  
The partial associated fossil skeleton (FPDM-V-9769, Fig. 2) was analyzed by the 
X-ray micro-computed-tomography technique. FPDM-V-9769 exhibits an array of 
primitive features including: pygostyle with reminiscent individual caudal vertebrae, 
boomerang-shaped robust furcula, triangular-shaped and unfused ilium, and unfused 
metatarsals, suggesting its basal position within Avialae. The pygostyle and humerus 
exhibit autapomorphic features, indicating that FPDM-V-9769 represents a new avialan 
taxon. Osteohistological analyses indicate that FPDM-V-9769 is a subadult individual, 
likely less than one year old. Phylogenetic analyses resolve FPDM-V-9769 as being basal 
to Jeholornis and outgroup of Pygostylia, a clade of birds sharing the pygostyle (Fig. 3). 
This phylogenetic result suggests that FPDM-V-9769 exhibits the pygostyle despite that 
it retains basal features in pectoral girdles and limbs that are more comparable to non-
pygostylian avialans. Thus, the basal avialans may have developed the pygostyle at least 
twice independently thorough their evolution, and the evolution of flight-related features 
in caudal vertebrae, pectoral girdles, and limbs was more elaborate than previously 
thought. Notably, FPDM-V-9769 is the first record of the Early Cretaceous non-
ornithothoracine avialan outside of northeastern China, increasing their known diversity 
and distribution during the time. 
The fossil tracks include two specimens, FPDM-F-74 and FPDM-F-75 collected 
from the alternating siltstone and fine sandstone. FPDM-F-74 is large with slender digits, 
and assigned to Aquatiravipes ichnosp.. FPDM-F-75 exhibits webbing traces between the 
digits, and is assigned to cf. Gyeonsangornipes ichnosp. (Fig. 4). These avian tracks 
indicate the presence of at least two different avian taxa in the Kitadani Formation, one 
of them possibly being a shorebird with webbed pes. 
The fossil eggshell (FPDM-V-9715) exhibits a unique combination of characters 
(e.g., inclined crystals in the external layer and 0.44-mm thick eggshell) and is assigned 
to its own oogenus and oospecies Plagioolithus fukuiensis (Fig. 5). The features such as 
smooth external surface, thin eggshell, and the presence of external layer are comparable 
to the eggshell of modern birds. In non-avian theropods and birds, eggshell with the 
external layer is found associated with the brooding behavior in open nests involving the 
direct contact between parents and eggs. Thus, Plagioolithus fukuiensis may indicate that 
some birds in the Early Cretaceous of East Asia engaged in such a behavior. 
The Kitadani Formation is notable where avian skeletons, tracks, and eggshells are 
all preserved within a single structural unit, providing a unique window to the avifauna 
in East Asia during the Early Cretaceous. To increase our understanding about the Early 
Cretaceous birds, it is crucial to conduct further exploratory work in Japan and other parts 
of Asia where bird fossils are poorly known currently.
 Figure 1. A, Location map of Fukui, Japan, with distribution of the Tetori Group 
within the region; B, Geological map around the Kitadani Dinosaur Quarry (red 
circle), modified from Shibata and Goto (2008) and Fukui Prefectural Dinosaur 
Museum (2018). Keys: 1, Kitadani Formation and underlying Akaiwa Formation, 
Akaiwa Subgroup, Tetori Group; 2, Omichidani Formation; 3, Hida Metamorphic 
Rock; 4, terrace deposits; 5, Nohi Rhyolite; 6, Quaternary alluvial deposits; 7, 
Quaternary fan delta deposits; 8, andesitic rocks. 
Figure 2. FPDM-V-9769. A, photograph. A box indicates where a sample was taken 
for osteohistological analyses; B, schematic line drawing of skeletons. 
Abbreviations: cev, cervical vertebra; co, coracoid; dv, dorsal vertebra; fe, femur; 
fu, furcula; hu, humerus; il, ilium; mc, metacarpal; md, manual digit; py, pygostyle; 





Figure. 3. Simplified strict consensus tree. Numbers near each node denote bremer 








Figure 4. Photographs, line drawings, and topographic images of FPDM-F-74 (A-D) 
and FPDM-F-75 (E-H). A, photograph; B, line drawing based solely on the direct 
observation; C, topographic image; D, line drawing based on both the direct 
observation and topographic image; E, photograph; F, line drawing based solely on 
the direct observation; G, topographic image; H, line drawing based on both the direct 
observation and topographic image. Roman numerals in D and H denote digit 
numbers. All images are in the same scale. Dotted lines denote ambiguous track 
outlines. A contour interval in C and G is 0.3 mm. Note that the specimens are natural 
casts and appear convex. 
 Figure 5. FPDM-V-9175 in radial views. A, under plain polarized light showing 
mammillary, continuous, and external layers. Red arrow indicates a nucleation site. 
Also, note accretion lines in the continuous layer and a distinct contact between this 
layer and overlying external layer. Outer eggshell surface is at the top of the image. 
Scale bar equals 0.2 mm; B, same as A in cross-polarized light. Blue arrow indicates 
a non-branching and narrow pore canal with relatively constant width. Scale bar 
equals 0.2 mm; C, under scanning electron microscope showing mammillary, 
continuous, and external layers. The specimen shows significant diagenetic alteration 
that obscures crystalline structures visible in thin sections. Scale bar equals 0.15 mm; 
D, enlarged image of area indicated by box in C. Orange arrow indicates a sharp 
contact between continuous and external layers. Note about 20° inclination of the 
external layer. Scale bar equals 0.05 mm; E, enlarged image of C (green arrow). Black 
arrow indicates a vesicle. White arrow points to tabular structures of the calcite prisms. 
Scale bar equals 0.02 mm. Abbreviations: EL, external layer; CL, continuous layer; 
ML, mammillary layer. 
 

